The role of particles in the fate and speciation of trace metals in macrotidal estuaries was studied using a surface complexation model (MOCO). Cadmium was selected as the target metal contaminant due to its reactivity in estuaries: cadmium behavior is mainly controlled by heterogeneous processes (sorption/desorption) related to salinity and suspended matter gradients.
Introduction
Estuaries are transition zones between continental hydrographic networks and the marine environment. These essential interfaces come in a vast number of shapes and sizes, and can be classified according to their degree of fresh-salt water mixing (well mixed: fjords; moderately stratified: macrotidal estuaries; highly stratified: deltas or microtidal estuaries). The estuary type is primarily defined by the balance of power between the upstream river (river flow) and the downstream ocean (spring tidal range) [1] [2] [3] .TS a Climatic and geological factors are also responsible for wide estuary variations. Each estuary has its own hydrologic and morphologic characteristics, meaning that, biologically speaking, specific communities can exist within each environment.
Due to their particular location and characteristics, these environments are often highly sought after as residential areas, fishing zones, or for the development of port installations and industrial activities. The Escaut and Seine estuaries constitute good examples of this on a European level: they both feature dense populations and rank among Europe's biggest industrial centers. They are also Europe's most highly contaminated estuaries. Anthropic activities all have a potentially significant and short-term impact on ecosystem structure and functioning, leading to the weakening, and possible eventual death, of the traditional economic interests associated with these environments.
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Just 5% of the estuaries located along the French coast spanning the English Channel and Atlantic are actually the mouths of major rivers, i.e., with mean water flows exceeding 50 m 3 s -1 year -1 [4] . The Seine, Loire, and Gironde are ranked as France's three largest estuaries (Fig. 1) , with mean annual flows of over 400 m 3 s -1 .
The peculiar character of these macrotidal estuaries is forged by a large input of particles from their upstream rivers, coupled with a tidal amplitude > 4 m along the adjacent coasts, resulting in a high-impact dynamic tide (up to 150 km upstream of the mouth in the case of the Seine), the presence of a turbidity maximum, and extensive mud deposit zones.
The contaminant content of estuarine particles is not only the result of pollutant inputs; it may also be significantly modified and regulated by reactions occurring on the surface of particles (sorption/desorption), which also play a significant role in speciation and contaminant bioavailability.
Contaminants may be present in the aquatic environment in dissolved, colloidal, or particulate form. The distinction between these three forms is fixed arbitrarily by filtration (and ultrafiltration) according to size [5] . Within these operationally defined "physical" categories, contaminants may belong to various "chemical" species, according to their nature and type of association. Contaminant transition from one of these chemical species to another is controlled by various physicochemical and biological factors, including pH, redox potential, salinity, water concentrations of various complexation agents, sedimentologic characteristics, and particle geochemistry. The role of particles is particularly important in macrotidal estuaries, which are often characterized by the presence of a turbidity maximum [6] . Intra-and interestuary concentrations of suspended matter (SM) also vary widely (from a few milligrams to several grams per liter), according to river flow and tidal conditions. The repercussions of SM on biogeochemical cycles in the estuarine environment has already been underlined by Turner and Millward [7] , along with the impact of salinity and particles on trace metal particulatedissolved phase distribution [8] .
Contaminant behavior during estuarine transit can be globally described as conservative (meaning the element stays in the same phase throughout estuary crossing) or non-conservative (meaning the element undergoes a process which modifies its distribution).
Cadmium is an excellent example of non-conservative behavior, and one of the most reactive metal contaminants found in the estuarine environment.
If the longitudinal evolution of dissolved Cd concentrations is plotted according to salinity, a bell-shaped curve is obtained [9] [10] [11] [12] [13] [14] [15] [16] [17] . Most field and laboratory studies [8, 18] agree this is due to the desorption of particleassociated Cd triggered by the formation of chlorocomplexes.
The dissolved Cd peak is even more marked in macrotidal estuaries, where particle residence time is long and SM concentrations are very high.
Conversely, excess dissolved Cd (versus simple dilution) is minor or non-existent in microtidal estuaries such as the Rhone, Danube, or Lena rivers [19] [20] [21] [22] . Similar situations can also be encountered in macrotidal estuaries during periods of low turbidity. Chiffoleau et al. [16] demonstrated that in the Seine estuary, virtually no dissolved Cd maximum exists when SM concentrations are low.
The solubilization of Cd in the estuarine environment is also governed by other more-or-less influential processes, i.e., early diagenesis in sediments, in particular in fine-matter deposit zones, and the dissolution of Cd associated with oxides (Fe, Mn) and/or organic matter in the turbidity maximum.
Due to its particular characteristics, Cd was chosen to "explore" the role of particle properties in the macrotidal estuary contaminant cycle. This paper aims to explore the impact of particle surface properties (specific surface area, density of surface sites, acido-basic properties and complexation constant) -which we determined for three macrotidal estuaries (Seine, Loire, and Gironde ) -on the behavior and speciation of "reactive" trace metals during estuarine transit.
We will be assessing this impact using a surface complexation model (MOCO) to reproduce Cd speciation during estuarine transit, taking into acTrace Metals in Macrotidal Estuaries 5 count the surface properties of particle samples taken from our three study estuaries in various scenarios.
Seine, Loire, and Gironde Estuaries: Main Characteristics
The functioning, morphology, and dynamics of our three study estuaries have already been extensively described in various works [4, [23] [24] [25] [26] [27] [28] [29] [30] . Their main characteristics are recapped in Table 1 .
The Seine catchment area alone represents approximately 40% of French economic activity and 30% of the French population. This estuary has undergone major successive engineering works and most of the downstream sections are dammed. The Seine estuary is the most highly anthropized of the three study estuaries, particularly compared with the Gironde estuary. The Gironde's catchment area features a very moderate population and degree of urbanization, meaning that it is close to a natural equilibrium.
The distribution of suspended matter measured during various cruises in the three estuaries [12, 13, 16, 31, 32] is shown on Fig. 2 as an example. This data highlights the space-time variability of SM distribution accord- 
Fig. 2
Distribution of suspended matter along the salinity gradient [12, 13, 16, 31, 32] Trace Metals in Macrotidal Estuaries 7 ing to salinity. Although these variations are due to multiple factors, the most influential are estuary shape, river flow, particulate input, and tidal conditions [6] .
SM concentrations in the turbidity maximum may be as high as a few tens of milligrams per liter in surface waters and several grams per liter in bottom waters. According to the tidal coefficient, fluid mud lenses containing up to several hundred grams of SM per liter may be formed close to the bottom. This fluid mud layer, which can grow to a thickness of several meters, is subsequently subjected to accumulation and erosion cycles: it accumulates when the tidal coefficient drops and during neap tide, fractions into several lenses when the tidal coefficient rises, and erodes completely during spring tides [33] .
Particle Geochemical Characteristics and Surface Properties
The geochemical and mineralogical characteristics of particles taken from the three study estuaries were determined in conjunction with an evaluation of parameters representing their surface properties. Most of this data, published by Boutier et al. [11, 12] , Chiffoleau et al. [13, 16, 17] , and Dange [30] , is presented in Table 2 .
Certain surface properties of natural particles -strongly related to their mineralogic characteristics -allow us to assess their reactivity in the aquatic environment. As most of these properties cannot be measured directly, they must be evaluated using various experimental approaches. The relevant parameters (Table 2) , some of which will be used for simulations, are as follows: specific particle surface area (SA in m 2 g -1 ); cation exchange capacity (CEC in mol g -1 of SM); total density of active surface sites ([-SOH tot ] in mol g -1 of SM); mean intrinsic surface acid-base constants of these sites (K a1 and K a2 ); and global intrinsic complexation constant (K m ) of these sites with regards to Cd.
The techniques implemented to evaluate these parameters and their limits are described in Gonzalez et al. [34] and Dange [30] .
Briefly, the specific surface area of the particles is measured via nitrogen sorption using the BET method (Coulter SA 3100). Cation exchange capacity is estimated using ammonium as an exchangeable cation [35, 36] .
The density of active surface sites and intrinsic surface acid-base constants of these sites (K a1 and K a2 ) are evaluated using potentiometric acid-base titration (ABT). Surface acid-base constants are determined by adjusting the experimental data obtained by ABT using FITEQL 3.2 [30, [37] [38] [39] .
The global intrinsic complexation constant of these sites with regards to Cd is obtained by experiments based on 109 Cd (particle samples taken throughout the estuary). [3] n number of measurements, K a1 and K a2 acidity intrinsic constants of surface sites, K m "global" intrinsic stability constant of surface sites.These parameters are associated with equilibrium. Gironde and Loire estuaries (single "average" type of amphoteric surface site):
Seine estuary (single "average" type of non-amphoteric surface site):
Surface complexation reaction in "average" sites:
The associated methodology is described in Dange [30] . Particles from the Seine estuary are characterized by their high carbonate and particulate organic carbon (POC) content. Loire and Gironde particles showed fairly similar characteristics, except for POC.
Relative standard deviation showed POC to be the most variable particle fraction in all three estuaries. Particles from the Gironde were the most homogeneous; this may be due to the fact that samples were taken exclusively from fluid mud, where the finest estuary particles homogenize. Using this dataset, we then evaluated average particle mineralogic composition (calcite, quartz, organic matter, clays) [30] . Loire and Gironde particles were shown to have a similar composition, but Seine particles had a very high carbonated fraction versus quartzose and argillaceous components due to the estuary's calcareous-type catchment area.
Seine particles were shown to have the lowest average specific surface area of the three particle types, due mainly to their large size [30] ; they also had the lowest Al, Fe, and Mn concentrations, and a high carbonate content.
Cation exchange capacity is a function of the geochemical composition of particles, and in particular the characteristics of the clay minerals they contain. Gironde samples showed the highest values (Table 2 ), due to their high argillaceous content.
The density of active surface sites, and the proton exchange capacity (acidity constants) of these sites, can be evaluated using data from particle acidobasic titration. Seine particles had the highest density of surface sites, while Loire particles had approximately twice as many surface sites per square meter as Gironde particles. Despite the similar character of particles from the latter two estuaries, this could reflect the higher Mn and POC concentrations.
Experimental results have demonstrated that virtually no protons bind to Seine particles. Their global acido-basic properties are mainly controlled by the organic fraction of the particles and the carboxylic and phenolic functions (i.e., characteristic of the humic substances). Conversely, a significant quantity of protons bind to suspended matter in the Loire and Gironde estuaries.
The acido-basic properties of the particles can be modeled for two types of sites (Table 2 ): (i) amphoteric surface sites (hydroxyls), typical of sites associated with Fe and Mn oxy-hydroxides and with the argillaceous phase (fractions representing a significant proportion of Loire and Gironde particles), or (ii) non-amphoteric sites associated with the organic fraction, which largely control the acido-basic behavior of Seine particles.
Seine particle POC content is fairly similar to that of the Loire particles; the considerable differences observed in acido-basic behavior are actually due to the high argillaceous fraction of Loire particles.
These assumptions were tested by modeling experimental data (acidobasic titrations) using the FITEQL model [37] which enabled us to evaluate the acidity constants of the reactions studied ( Table 2) .
The data obtained showed Loire and Gironde particles to have very similar acido-basic properties, as suggested by their acidity constants ( Table 2) .
The K a2 value estimated for Seine samples is representative of carboxylic and/or phenolic sites, and confirms the predominant role of organic matter in the reactivity of these particles [30] .
Depending on pH and total surface site density (-SOH tot ), the acidity constants of surface sites largely determine -SOH site density (Eqs. 1, 2, 3 in Table 2 ), responsible for Cd surface complexation (Eq. 4 in Table 2 ). We obtain: 
therefore:
for amphoteric surface sites (i.e., Loire and Gironde particles). For non-amphoteric sites (i.e. Seine particles), we obtain:
Adjustment of 109 Cd sorption data [30] , whereby Cd sorption is considered as a formation of inner-sphere complexes (Table 2) , enabled us to estimate the intrinsic complexation constant of surface sites in terms of Cd (K m ). Like most of the properties mentioned above, these constants were similar for Loire and Gironde particles. Seine particles showed the highest mean values.
In terms of sorption parameters, comparison with data collected in other works was problematic, as parameter values vary widely according to chosen experimental techniques and models (this is particularly true for acidity intrinsic constants and surface complexation constants). The comparison of values obtained in all three estuaries versus values estimated on particles from different environments gave comparable results [30] ; any differences observed are largely due to particle mineralogic composition. In terms of Cd, the complexation constants of particles of various origins obtained using a similar modeling technique were compiled by Muller and Duffek [40] . In our study, Loire and Gironde complexation constants were comparable to compiled data.
Behavior of Cd in Macrotidal Estuaries
Contamination by trace metals, and their behavior in the three estuaries, has been widely studied [10-17, 32, 34, 41, 42] .
The high physicochemical gradients encountered in the estuarine environment (suspended matter, salinity, pH, and major elements) are responsible for the phase changes undergone by Cd during its oceanward transit.
The majority of macrotidal estuaries experience a rise in dissolved Cd concentrations as soon as salinity rises, followed by a drop in highly saline waters [9] [10] [11] [12] [13] [14] [15] [16] [17] . 16] Maximum dissolved Cd can be studied with various flow regimes and in different seasons within the same estuary. To illustrate this point, the distribution of dissolved and particulate Cd corresponding to the previously illustrated SM profiles is presented in Figs. 3, 4 , and 5.
We observed this typical behavior in our study estuaries, crystallized by a more-or-less visible "dissolved Cd bump". Variations in the scope of this phenomenon within one or several estuaries may be conditioned by several factors: flow rates, Cd concentrations at the upstream and downstream limits, contamination levels, the size of the turbidity maximum and its position versus the salinity gradient, or particle sorption properties. This paper aims to examine the impact of the latter two factors. [12] Temporal variations in Cd fluxes entering the estuary, or the presence of a sporadic Cd source, could explain the dissolved Cd bump. But the majority of studies assign this characteristic evolution (bell-shaped curve) to Cd desorption from particles entering the estuary, caused by the formation of highly stable dissolved chlorocomplexes when chlorinity (salinity) rises. This hypothesis was confirmed by laboratory experiments in which 109 Cd was added to samples of raw river water (dissolved phase + particles) mixed with raw water taken from the open sea [8, 18] . Turner [8] [31, 32] ing the estuary and river water composition. But K d evolution as a function of salinity remains similar, and merges to comparable values when salinity is high.
Interestingly, some campaigns (Figs. 3, 4 , and 5) have observed high particulate Cd concentrations associated with high salinity (up to 3 µg g -1 in the Seine estuary). This seemingly contradictory behavior is generally thought to be associated with high chlorophyll a concentrations [12, 16, 32] , and may suggest that particles of phytoplanktonic origin could have powerful Cd sorption properties.
The global behavior of Cd at the fresh/salt water interface means that macrotidal estuaries can flush significant amounts of dissolved Cd into adja- [11] [12] [13] 41] cent coastal waters. Figure 6 illustrates the extent of this phenomenon, which actually reflects the differences in quantities of dissolved Cd entering and exiting the estuary.
In Table 3 ,CE b mean dissolved Cd concentrations in estuarine waters are compared with likely concentrations in various other aquatic environments.
On the whole, concentrations near the coast are higher than those in the ocean; this underlines the fact that Cd inputs are primarily of continental origin. The differences in surface water and bottom water concentrations pinpointed in the Atlantic and Pacific Oceans illustrate the "nutrient-like" be- In porewaters, the concentrations are very variable, even within the same environment. These concentrations are controlled by the speciation of the particulate Cd which integrates the sedimentary column and of the diagenetic conditions which in the sediments vary temporally and according to the depth.
With the aim of correlating the degree of contamination of various estuaries, Table 4 offers a comparison of unindustrialized estuaries (Amazon, Lena), featuring minimal observable concentrations, versus a selection of European and American estuaries of various sizes, with differing degrees of contamination.
These comparisons are questionable, however, as the various cruises took place at different and sometimes far-distant periods. In addition, the majority of cruises were one-offs (one cruise lasting a few days), whereas others involved pluriannual monitoring. Finally, even if identical techniques and strategies are used, it is still difficult to draw firm conclusions by comparing concentrations in various sites. For example, comparing maximum dissolved Cd in the Gironde and Seine estuaries could lead us to conclude that the Gironde is far more contaminated by Cd than the Seine, whereas measurements of particulate Cd in the turbidity maximum suggest the contrary. The explanation for this lies in the different characters of estuary particles, e.g., Seine particles are much richer in carbonates and organic matter than the highly argillaceous Gironde particles, and hence have different sorption capacities. This hypothesis is corroborated by the particle characteristics presented above.
The data presented in Table 4 with the aim of characterizing estuary contamination shows that: -Dissolved and particulate Seine concentrations at Poses weir (upstream limit) are actually higher than the minimum levels previously described in the literature. They largely exceed levels in the Loire estuary, which can be considered as an example of a little-contaminated European estuary. -Measurements at Poses weir are in the same range as those observed in the Gironde or Scheldt estuaries, known to be contaminated by Cd. -The particulate Cd content of the Seine mixing zone is very high versus other estuaries. Only the Scheldt has higher levels. -Maximum dissolved Cd measured in the Seine fresh-salt water mixing zone is very high versus the Lena, Amazon, or Loire. For the past 5 years, it has been similar to Gironde levels. The Seine estuary can hence be classified as one of the most highly Cdpolluted estuaries. In our comparison (Table 4) , average Cd concentrations in suspended matter in both the upstream and mixing zones are significantly higher in the Seine estuary than in the other study estuaries. There may be several reasons for this: the fraction of Cd associated with the crystalline phase may be larger because of geological reasons, higher sorption capacity (as per estimated K m values), or higher Seine contamination, contrary to the data shown in Table 4 (especially when compared with dissolved Cd concentrations measured in the Gironde estuary).
These various "possibilities" must, in some way, be responsible for measured particulate Cd concentrations. The purpose of this paper is to assess the impact of particle characteristics and behavior, through the study of sorption properties.
Presentation of the Model and Simulation Conditions
We used a surface complexation model (MOCO) to highlight the role of particle surface properties (specific surface area, density of surface sites, acido-basic properties, complexation constant) in Cd speciation in the macrotidal estuarine environment. This model had already been used to simulate Cd behavior in the three study estuaries. In our previous studies [34, 59] , model results were compared with the numerous dissolved and particulate Cd measurements performed in situ. The model has also previously been applied to other metal cations such as Co, Cs, and Hg [30, 60] . This type of model considers Cd sorption to particles as a formation of complexes with functional surface groups [34, [61] [62] [63] [64] . Dissolved and particulate Cd species are computed by solving equilibrium equations incorporating various dissolved ligands and particles simultaneously. Included dissolved ligands are chlorides, hydroxides, and sulfates. Complexation constants are derived from Comans and Van Dijk [18] . Table 5 shows the reactions processed by the model. For the purposes of this study, particles were considered "globally" (use of mean sorption properties evaluated from particles from the various estuaries shown in Table 2 ). This type of approach assumes that the various -0.7 Surface reactions: Cd sorption to the surface of a "global" particle. Apparent stability constants were calculated from intrinsic constants( int ), taking into account the electrostatic effects of the surface charge as estimated by the Gouy-Chapman model.
Complexation of cadmium with various dissolved ligands: Each equilibrium is defined by a complexation constant (stability constants) for each dissolved complex derived from Comans and Van Dijk [18] . Values at 25 • C are used (no temperature correction). The activity coefficients of the various species are calculated using the Davies equation reactions reach equilibrium quasi-instantaneously, and that they are completely reversible. The choice of modeled processes was based on studies on Cd biogeochemistry in the estuarine environment, which suggest that most Cd behavior can be explained by its stability in the form of chlorocomplexes and rapid desorption during estuarine transit [11, 14, 18, 65] .
A fuller description of the model, including parameter selection methods and validation for the various study estuaries, was published previously [30, 34, 42, 59 ].
We simulated various particle distribution scenarios within a given estuary, using the surface properties of particles taken from the three study estuaries. These "classic" scenarios ( Fig. 7) were defined on the basis of suspended matter distribution measurements according to salinity, presented in Fig. 2 .
The distribution of SM concentrations in the three study estuaries (Fig. 2 ) can be roughly grouped into three scenarios: migration of the turbidity maximum towards the highest salinities, the presence of a second, smaller and more "thinly spread" turbidity maximum, and very high SM peaks within the estuary (Fig. 7) . These scenarios were used as the basis for our simulations.
The required input data was as follows (Table 5) :
-Concentrations of the various included dissolved ligands: chlorides (calculated on the basis of salinity), hydroxides (calculated on the basis of pH, which will be considered as equal to 7.8 throughout the estuary), sulfates (calculated on the basis of salinity, considered as conservative and based on concentrations of 3 × 10 -4 M and 0.02 M at the river and ocean boundaries, respectively) -SM concentrations in our classic situations (Fig. 7) -Parameters representing the surface properties of natural particles ( Table 2 ).
All simulations used mean sorption parameter values (SA, [-SOH tot ], K a1 , K a2 and K m ), evaluated for particles from the three study estuaries. To test the natural variability of these parameters within the same estuary, we also did simulations taking into account standard deviation from mean values ( Table 2) . The model computes concentrations of various species (dissolved and particulate) at equilibrium (Table 5 ) for a given total Cd concentration.
We chose a total Cd concentration of 10 -9 M, which is representative of data collected in the three study estuaries.
For greater clarity, the various dissolved Cd species (free Cd and Cd complexed with chlorides, sulfates, or hydroxides) are not shown.
The results are expressed as a percentage of total dissolved Cd (sum of all dissolved species calculated by the model, see Table 5 ). Particle sorption capacity depends on: the exchange capacity of protons in surface sites, ascertained using acidity constants K a1 and K a2 ; total surface site concentrations and specific particle surface areas; and the complexation constant of surface sites in terms of Cd.
In order to compare the sorption characteristics of particles from the three study estuaries, and interpret the results obtained, we evaluated their global sorption capacity (GSC). For this purpose, -SOH site concentration (in mol L -1 ) was computed with various salinities, at constant pH of 7.8 (corresponding to the simulation pH) and a constant SM concentration (100 mg L -1 ). We based our calculation on the sorption parameters (mean, minimum, and maximum) of each particle type (Table 2) , i.e., specific surface area, density of surface sites, and acid-base constants of these sites (K a1 and K a2 ).
The concentration of "complexating" surface sites (Eq. 4, Table 2 ) thus obtained was multiplied by the global intrinsic complexation constant of the study sites in terms of Cd.
This parameter is a good indicator of the importance of the particles sorption capacities and it makes it possible to compare particles of different nature.
According to our results (Fig. 8) , Loire particles possess the highest concentrations of complexating surface sites due to their acidity intrinsic properties. Seine particles have the lowest concentrations, as their surface sites are non-amphoteric (Eq. 3, Table 2 ).
Computing GSC with respect to Cd underlined the impact of the surface site complexation constant. The high value of this constant in Seine particles means that despite a very weak concentration of complexating sites, computed GSC reactivity was similar to that obtained for the other two particle types (Fig. 8) .
Differences exceeding one order of magnitude were observed in GSC computed on the basis of average, minimum, or maximum sorption parameters. Using average and maximum parameters, Loire particles were shown to have the highest GSC, whereas Gironde particles had the GSC highest global reactivity using minimum parameters. The reactivity of Seine particles was very similar to that of Gironde particles using average parameters, and similar to Loire particles using maximum parameters. Interestingly, using average and maximum parameters, Seine particles had the highest GSC with zero salinity; reactivity decreased very strongly when salinity increased, and was similar to that of the other particles at around salinity 1. This phenomenon stems from the fact that Seine particle surface sites are non-amphoteric (Eq. 3, Table 2 ). Salinity increases cause conditional equilibrium constants (K a1 , K a2 ) to rise, due to a drop in activity coefficients (this drop is most significant at an ionic force of zero to a few hundredths). According to Eq. 9, when pH is constant, the increase in K a2 leads to a reduction in sites capable of complexing Cd. This reduction increases as K a2 value is low. As a result, using average and maximum parameters, the GSC of Seine particles was far greater when salinity neared zero, whereas practically no difference was observed with other particle types. In the case of the Loire and the Gironde (amphoteric sites), the increase in K a2 when salinity rises is countered by that of K a1 (Eq. 8); the phenomenon is therefore virtually non-existent.
The comparison of GSC values shows that within the same estuary the differences (between the average, minimum, and maximum values) can be very significant. These differences are the result of the space and temporal variations of the nature of the particles.
Simulation of Migration of the Turbidity Maximum
Migration of the turbidity maximum, according to flow rates and tidal conditions, and within a relatively weak salinity range, is frequently encountered in macrotidal estuaries.
Using average properties, the results obtained were virtually identical notwithstanding particle type (Fig. 9) , in particular for the Seine and Loire estuaries. Differences were significant with zero salinity and a low SM content (25 mg L -1 ). As observed in the evaluation of GSC, Seine particles were shown to have far greater sorption properties with zero salinity.
With minimum parameters (Fig. 10 ), all Cd is considered to be in dissolved form, notwithstanding particle type, except in zones where SM concentrations are high (characterized by minimal %CdD values). Despite the major differences in GSC (Fig. 8) resulting from reduced sorption capacities, differences in Cd partition were negligible except in the turbidity maximum. Differences in particle origin were nil when salinity reached 5.
Using maximum sorption parameters (Fig. 11) , the evolution of dissolved Cd percentages according to salinity was virtually the same for Seine and Loire particles, whose global reactivity is comparable. Dissolved Cd percentages were highest with Gironde particles, which are characterized by the lowest GSC. The turbidity maximum had a very marked impact in comparison to previous simulations, with extremely low dissolved Cd percentages at salinities of 0-5, in particular for Seine and Loire particles. Unlike in the simulations using average or minimum properties, we observed significant differences in dissolved Cd percentages even when salinity was high. This is due to the fact that chloride impact is weakened when particle sorption capacity rises. As for average properties, a shift in maximum dissolved Cd (around 80% for Gironde particles and 60% for Loire and the Seine particles) was observed with higher salinities and migration of the turbidity maximum.
To illustrate this scenario, our simulation results are also shown in terms of concentrations (Figs. 12-14) . For the purpose of these simulations, we used the following dissolved Cd concentrations: 100 ng L -1 at the upstream limit (0 salinity) and 5 ng L -1 at the marine boundary (salinity 35). In terms of particulate Cd, particles entering the estuary were considered as having an adsorbed Cd concentration of 0.1 µg g -1 . The model divides "total" Cd into various species (Table 5) for a given salinity. Total Cd is calculated on the basis of SM, sorbed Cd, and dissolved Cd concentrations.
Particulate cadmium computed by the model only represents the fraction adsorbed to the surface of particles. This fraction cannot be compared directly with total particulate cadmium concentrations measured in the study estuaries, which comprises a "sorbed" fraction (potentially "desorbable" in the physicochemical conditions encountered in the study estuaries) and a "non-exchangeable" fraction (Cd incorporated in the crystalline matrix, coprecipitated in various mineral phases, etc.).
Typical Cd behavior in macrotidal estuaries was well reproduced using average and maximum sorption properties (Figs. 12 and 13), and featured the classic bell-shaped CD D curve. Maximum dissolved Cd concentrations remained similar notwithstanding particle type or the position of the turbidity maximum: approximately 80 ng L -1 using average properties, with greater variations (30-50 ng L -1 ) according to particle type using maximum properties. Using minimum properties (Fig. 14) , maximum dissolved Cd concentrations were restricted to very low salinity zones.
In all cases, maximum dissolved Cd migrated towards higher salinities at the turbidity peak.
Simulation of the Presence of a Second Turbidity Maximum
This scenario aimed to evaluate the impact of a second turbidity maximum in more saline waters. This situation, which stems from hydrodynamic factors, can be encountered in macrotidal estuaries such as the Loire and Gironde.
Using average properties (Fig. 15) , particle types only differed significantly with zero salinity. The highest turbidity peak was clearly correlated with a minimum percentage of dissolved Cd. Adding a second turbidity maximum resulted in a slight sag in the Cd % curve.
Using minimum properties (Fig. 16 ), particle influence was only visible at the first peak; this was particularly true for Loire and Gironde particles, which have the highest GSC.
The impact of two turbidity maxima is major in the maximum sorption property scenario (Fig. 17) . Dissolved Cd percentages remain low until salinity reaches about 10, in particular for Loire and Seine particles which have high GSC. 
Simulation of Turbidity Peaks
The presence of major turbidity peaks, in any salinity range, is often encountered when mud deposit zones are eroded.
Using average and maximum sorption properties, turbidity peaks were shown to have a high impact, even in highly saline waters (Figs. 18 and 20) . Differences in particle types were far more marked when maximum properties were used. The impact of turbidity peaks on particles with low GSC was minimal (Fig. 19) , especially with high salinity. In this case, Cd behavior proved to be quasi-conservative.
Summary and Conclusions
We selected Cd to explore the impact of particle surface properties on the fate and speciation of contaminants in macrotidal estuaries due to its high reactivity. The behavior of Cd -which is highly sensitive to dissolved/particulate exchanges -was simulated using sorption properties representative of particles from different estuaries to demonstrate that: -Even in the case of weak sorption properties and virtually conservative Cd behavior within the estuary, major differences according to particle origin can be observed when SM concentrations are high and salinity is close to zero (Fig. 10) , especially if GSC are significantly different (around factor 7) (Fig. 8 ). -Using average properties (representing the overall measurements conducted on various samples), simulation of the dissolved/particulate partition gives comparable results notwithstanding particle origin, due to the fact that GSC is relatively similar (Fig. 8) . The scenarios simulated as a whole highlighted the instrumental role of particles in all salinity ranges. The evaluation of GSC highlighted the relative uselessness of standard characteristics (POC, Al, Fe, Mn, SA, etc.) employed to ascertain particle sorption capacity to contaminants. More explicit parameters, i.e., nature and density of surface sites, acidity intrinsic properties and complexation constants, and their natural variabilities, are necessary to efficiently evaluate particle reactivity with regards to a given element in various physicochemical conditions. (Table 4) showed average Cd concentrations in suspended matter in both the upstream and mixing zones to be significantly higher in the Seine estuary than in the other study estuaries (Loire and Gironde). One of the reasons put forward for this could be the higher sorption capacity of Seine particles (as per the estimated K m value). If we consider the average GSC of particles taken from the various estuaries (Fig. 8) , it is interesting to note that Seine particles only have significantly higher sorption capacities than particles from the other two study estuaries when salinity is close to zero. When salinity exceeds 5, the average reactivity of Seine particles decreases strongly, to around that of Gironde particles. The variations we observed in Seine particle sorption capacity versus water salinity could partially explain the differences in particulate Cd concentrations measured in the upstream and downstream zones.
The impact of particle surface properties is maximized when salinity is around zero and SM concentrations are high. The importance of the particulate phase is relative when salinity increases, due to the key role of chlorides in Cd speciation. This suggests that particle sorption properties have a major impact on the speciation of Cd-type elements, whose behavior is controlled by competition between the particulate phase and a major ligand associated with the dissolved phase (e.g., the ion chloride in the case of Cd). Hence, in macrotidal estuaries, space-time variations in terms of salinity gradient and SM quantity and type will contribute to dissolved/particulate partition and to contaminant fluxes to the ocean/continent interface.
From a modeling viewpoint, the results obtained suggest that it is possible to simulate (and forecast) the behavior of contaminants such as Cd in complex environments by evaluating various parameters experimentally. These parameters are used to characterize processes (surface complexation constant and acidity constants of surface sites) and particles (density of surface sites). Their value must be determined with sufficient accuracy, and their variability within the environment must be known.
Our study exclusively related to the role of particles in processes close to equilibrium, and did not take into account the dynamic aspect of processes, in particular the temporal evolution of turbidity and salinity gradients, which is of major importance in macrotidal estuaries. "Slow" processes, driven by particles, may also regulate the dynamics and speciation of trace metals in the estuarine environment, e.g., desorption and processes related to the mineralization of certain mineral phases (Fe and Mn oxides and organic matter), in particular in fine matter deposit zones and maximum turbidity zones.
Our results nevertheless showed that particle surface properties, evaluated on the basis of various parameters, are instrumental in non-conservative contaminant speciation in the estuarine environment. Their analysis enables us to understand and simulate, to a large extent, the fate of non-conservative contaminants whose behavior is controlled by competition between sorption and desorption processes.
